Diets high in glycaemic index (GI) or glycaemic load (GL) have been hypothesised to increase the risks of certain cancers by increasing blood glucose or insulin concentrations. We aimed to conduct a meta-analysis of prospective cohort studies to evaluate the association between GI or GL and diabetes-related cancers (DRC), including bladder, breast, colon -rectum, endometrium, liver and pancreas, which are associated with an increased risk for diabetes, and prostate cancer, which is associated with a reduced risk for diabetes. We searched Pubmed, EMBASE and MEDLINE databases up to September 2011 and reference lists of relevant articles. Relative risks (RR) and 95 % CI for the highest v. the lowest categories were extracted and pooled using a random-effects model. Thirty-six prospective cohort studies with a total of 60 811 DRC cases were included in the present meta-analysis. In a comparison of the highest and lowest categories, the pooled RR of DRC were 1·07 (95 % CI 1·04, 1·11; n 30) for GI and 1·02 (95 % CI 0·96, 1·08; n 33) for GL. In an analysis of site-specific cancer risks, we found significant associations for GI in relation to breast cancer (RR 1·06; 95 % CI 1·02, 1·11; n 11) and colorectal cancer (RR 1·08; 95 % CI 1·00, 1·17; n 9 studies). GL was significantly associated with the risk of endometrial cancer (RR 1·21; 95 % CI 1·07, 1·37; n 5). In conclusion, the findings of the present study suggest a modest-to-weak association between a diet that induces a high glucose response and DRC risks.
Diabetes and cancer are common chronic diseases that have contributed to many deaths worldwide. Recently, a consensus report of experts (1) representing the American Diabetes Association and the American Cancer Society reviewed the relationship between diabetes and cancers, and suggested that individuals with diabetes (primarily type 2) are more susceptible to developing cancers of the liver, pancreas, endometrium, colon/rectum, breast and bladder; however, they also have a lower risk of prostate cancer. This consensus report also discussed several possible biological mechanisms that may explain the direct link between diabetes and cancers, such as hyperinsulinaemia, hyperglycaemia and inflammation, but an explanation remains elusive.
The glycaemic index (GI) is, by definition, a unit of measurement used to rank carbohydrate-containing foods (scores ranging from 0 to 100) based on the postprandial blood glucose response compared with an equivalent amount of carbohydrate from a reference food (either glucose or white bread) (2) . A related measure, the glycaemic load (GL), of a serving of a specific food is the product of the GI and the grams of carbohydrate content in a serving of a food, reflecting both the quality and quantity of dietary carbohydrates (3 -5) . Validation studies have shown that GL may be applicable to measuring degrees of overall postprandial plasma glucose and insulin response (6, 7) . Prospective cohort studies have shown that high-GI or -GL diets are associated with increased risks of adverse health outcomes, including CHD (8) , the metabolic syndrome (9) and type 2 diabetes (10, 11) compared with low GI or GL. Additionally, a number of epidemiological studies have been conducted for the associations between GI or GL and the risk of common cancer sites, although results have been mixed (generally positive or null, not showing a clear association). Given the evidence for the potential link between GI or GL and cancer risks, presumably through effects of a diet stimulating postprandial glucose or insulin response, it is important to evaluate the hypothesis that GI and GL can be potential predictive factors for cancer risks, particularly those related to high levels of blood glucose or insulin.
We therefore assessed the associations between GI or GL and diabetes-related cancers (DRC) in a meta-analysis of observational prospective cohort studies. We did not include case -control studies because recall and selection bias is often encountered in case -control studies of diet and cancer risk.
Materials and methods

Literature search
A single author (Y. C.) conducted a literature search of the published studies using Pubmed, EMBASE and MEDLINE databases up to September 2011, and another author (J. E. L.) checked the extracted studies. The keyword 'glycemic index' OR 'glycemic load' was combined with the following search terms in each turn: (1) 'liver cancer' OR 'liver neoplasm' OR 'liver carcinoma' OR 'hepatocellular carcinoma'; (2) 'pancreas' OR 'pancreatic cancer' OR 'pancreatic neoplasm' OR 'pancreatic carcinoma'; (3) 'endometrium' OR 'endometrial cancer' OR 'endometrial neoplasm' OR 'corpus uteri' OR 'endometrial carcinoma'; (4) 'colorectal cancer" OR 'colon cancer' OR 'rectal cancer' OR 'colorectal neoplasm' OR 'colorectal carcinoma'; (5) 'breast cancer' OR 'breast carcinoma' OR 'breast neoplasm'; (6) 'bladder cancer' OR 'bladder neoplasm' OR 'bladder carcinoma'; (7) 'prostate cancer' OR 'prostate neoplasm' OR 'prostate carcinoma'. We also reviewed the reference lists of the retrieved articles to identify additional studies.
Study selection
Studies were included if they met the following criteria: (1) a cohort with GI or GL as an exposure and cases of DRC as an outcome were described; (2) estimates of relative risk (RR) and corresponding 95 % CI were provided; and (3) it was published in English. If multiple publications from one study were found, the most recent study was included in the present meta-analysis.
Data extraction
The following data were retrieved from the publications: the first author's last name, the year of publication, the sex of the participants, the study name, the country where the study was performed, the duration of follow-up, the age at baseline, the number of cases, the sample size, the dietary assessment, the comparison level (the highest intake category v. the lowest) of the GI and GL and confounding factors included in the multivariable-adjusted model. For each study, we used the most fully adjusted RR in the multivariate † Value expressed as mean or median; baseline and end of follow-up years given for the studies by George et al. (14) and Nimptsch et al. (54) . ‡ Value expressed as mean.
model. The two authors (Y. C. and J. E. L.) independently assessed the study quality using the Newcastle -Ottawa Scale, which ranged from 1 to 9 stars (poor to excellent, respectively) (12) , and disagreements were resolved through consensus.
Statistical analysis
As a primary analysis, we pooled the RR estimates by comparing the highest intake category with the lowest from each study for site-specific cancer risks and overall DRC risk according to the GI and GL. The pooled RR estimates with corresponding 95 % CI were derived using a random-effects analysis, which considers both within-and between-study variance components (13) . For studies that only provided separate estimates by sex (14 -18) and the one study that reported breast cancer risk by menopausal status (19) , we included the results separately. Studies describing relationships between the GI or GL and prostate cancer, which is considered to be inversely associated with diabetes (1) , were not included in the main analysis to examine the hypothesis that the GI or GL was positively associated with some cancers that are associated with an increased risk for diabetes. The statistical heterogeneity between the studies was tested with Q statistics and I 2 statistics (20) . We also evaluated the non-linearity of the association using restricted cubic splines (21 -23) for studies that provided the number of participants or person-years and two or more categories of GI or GL intake. We conducted sensitivity analyses by omitting each study, one at a time, to evaluate whether the pooled estimates were influenced substantially by any single study. For studies (24) that provided RR as continuous variables only, we recalculated them into estimates per ten increments in GI and per 100 increments in GL (treated as top and bottom estimates) and then pooled them with categorical variables in the additional analysis. We also performed subgroup analyses (highest intake v. lowest intake) and random-effects meta-regression analyses to explore potential sources of heterogeneity between the studies by selected study characteristics, including the cancer site, the geographic region (North America, Europe and Asia), sex (males, females and both sexes), obesity status (,25 v. $25 kg/m 2 ), study quality and the exclusion of diabetic individuals. Potential publication bias was assessed with Egger's regression asymmetry test (25) . P,0·05 was considered statistically significant. All analyses were two-sided and performed using STATA software (version 11; StataCorp) and SAS statistical software, version 9.2 (SAS Institute). Of these, thirty-nine articles and three additional relevant articles were considered to be of interest for the full-text review. After the full-text review, six articles were excluded for the reasons described in the flowchart and thirty-six were included in the final meta-analysis. The characteristics of the included articles are shown in Table 1 . Overall, the meta-analysis for GI was based on thirty-three prospective cohort studies (n 44 RR estimates) and the meta-analysis for GL was based on thirty-six prospective cohort studies (n 48 RR estimates). The total number of cases of DRC was 60 811 (bladder, n 1481; breast, n 26 551; colon-rectum, n 16 793; endometrium, n 3200; liver, n 310; pancreas, n 3272; and prostate, n 9204), with a mean follow-up duration ranging from 5 to 21 years. To assess the habitual diet, all studies used either self-or interviewer-administered FFQ that included sixty-one (17, 19, 26) to 208 food items (27) . For dietary GI intake, twenty-seven studies used a single dietary assessment and four studies used a cumulative average dietary assessment. For dietary GL intake, thirty studies used a single dietary assessment and four studies used a cumulative average dietary assessment. All studies were given a score of 7 or 8 stars, representing the high quality of studies of the studies, twenty-six were conducted in North America, seven in Europe and two in Asia.
Results
Study characteristics
Glycaemic index and glycaemic load intake associated with the risk of overall diabetes-related cancers and each cancer site
Figs. 2 and 3 show the associations between DRC risk and either GI or GL, respectively, when comparing the highest with the lowest category intake.
Overall diabetes-related cancer risk
We combined thirty prospective studies of GI and thirtythree studies of GL that examined associations with potential diabetes-induced cancers, including bladder cancer (14) , breast cancer (14,19,27 -35) , colorectal cancer (14 -17,36 -42) , endometrial cancer (14,43 -46) , liver cancer (14) and pancreatic cancer (14,18,26,47 -52) . We pooled three risk estimates of prostate cancer (14, 53, 54) separately, which could possibly be lower among diabetic individuals (1) . When comparing the highest intake category with the lowest category, the pooled multivariable-adjusted RR of the overall DRC risk were 1·07 (95 % CI 1·04, 1·11) for GI, with no evidence of heterogeneity (P¼0·36, I 2 ¼ 6·1 %) across studies, and 1·02 (95 % CI 0·96, 1·08) for GL, with modest heterogeneity (P,0·001,
Egger's regression test showed no evidence of a publication bias for GI (P¼ 0·99) or GL (P¼0·54). When we added one more study (24) that provided RR for continuous GI or GL, RR comparing the highest with the lowest category were 1·07 (95 % CI 1·03, 1·10) for GI and 1·02 (95 % CI 0·97, 1·08) for GL. When we evaluated whether there were nonlinear relationships between the GI or GL and overall DRC risks, we found modestly suggestive evidence of non-linearity for GI (P¼0·06) or GL (P¼0·21) intakes. The subgroup analyses, meta-regression and sensitivity analysis were performed on the associations of the overall DRC risk in relation to the GI and GL (highest v. lowest intake; Table 2 ). In the meta-regression analyses, we could not find any evidence of between-study heterogeneity in the overall risk estimates by cancer site (P for difference: P¼ 0·23 for GI, P¼0·06 for GL), geographic location (P for difference: P¼ 0·99 for GI, P¼0·22 for GL), sex (P for difference: P¼0·13 for GI, P¼0·64 for GL) or obesity (P for difference: P¼ 0·59 for GI, P¼ 0·37 for GL). When we examined whether associations differed by contrast in levels in the comparison categories, we found similar associations, with a pooled RR of 1·08 (95 % CI, 1·02, 1·13) for a difference of $ 12 in the GI and 1·06 (1·00-1·14) for a difference of , 12 in the GI. With respect to the GL, the pooled RR were 0·98 (0·91-1·06) for a difference of $ 65 and 1·07 (0·98-1·16) for a difference of , 65. Additionally, the associations did not vary by study quality (P for difference: P#0·6 for GI or GL) or the exclusion of diabetic individuals (P for difference: P# 0·6 for GI or GL). Although there were no statistically significant differences, a significant positive association between GI and overall DRC risk was more apparent in the thirty-three combined estimates conducted in North America (RR 1·07; 95 % CI 1·03, 1·12) compared to other regions. A significant positive association between GI and overall DRC risk was observed in the twenty-seven combined estimates for women (RR 1·06; 95 % CI 1·02, 1·10; n 34 RR estimates). In the sensitivity analyses, where one study was omitted at a time, no particular study unduly influenced the pooled RR estimates for overall cancer sites or the P for heterogeneity. Lajous et al. (27) Silvera et al. (45) Howarth et al. (15) 
Bladder cancer risk
One large prospective study of older US adults examined the associations between GI or GL and bladder cancer risk. The RR (95 % CI) for men and women combined were 1·14 (0·82, 1·58) for GI and 0·97 (0·73, 1·31) for GL. Notably, a significant positive association between GI and bladder cancer for the comparisons of the highest with the lowest category of intake was found among men but not women. The author speculated, however, that there may be a residual confounding effect of smoking in this association. We were not able to test for a publication bias due to limited number of studies.
Breast cancer risk
Eleven studies evaluated GI and GL intake in relation to breast cancer risk. The majority of the prospective studies were conducted in North America and Europe; only one study was conducted in China. The meta-analysis suggested that the highest GI intake was associated with a 6 % relative increase in breast cancer risk compared with the lowest intake (95 % CI 1·02, 1·11); however, no significant associations were found between GL and breast cancer risk (RR 1·04; 95 % CI 0·96, 1·12). Statistical heterogeneity was not observed for GI (P¼0·64, I 2 ¼ 0 %), but it was observed for GL (P¼0·03, I 2 ¼ 49·2 %). Although heterogeneity was observed in the association between GL and breast cancer risk, this heterogeneity disappeared when a study by Sieri et al. (31) was omitted, resulting in a pooled estimate of 1·03 (95 % CI 0·97, 1·08; P¼ 0·52, I 2 ¼ 0 %). We found no indications of a publication bias for either GI (P¼0·75) or GL (P¼ 0·41) using Egger's test. In an additional analysis, where we added one more study (24) that provided RR for continuous GI or GL, RR for breast cancer comparing the highest with the lowest category were 1·06 (95 % CI 1·01, 1·10) for GI and 1·04 (95 % CI 0·97, 1·11) for GL. In a further subgroup analysis of breast cancer by menopausal status (19,27,29,31 -33) , the pooled RR were 1·05 (95 % CI 0·83, 1·33) for GI and 1·28 (95 % CI 0·94, 1·75) for GL among pre-menopausal woman, and 1·07 (95 % CI 0·88, 1·28) for GI and 1·11 (95 % CI 0·91, 1·36) for GL among post-menopausal woman.
Colorectal cancer risk
Nine studies for GI and eleven studies for GL were included in the meta-analysis of colorectal cancer risk. The meta-analysis of nine prospective studies showed a borderline positive association between GI and colorectal cancer risk when comparing the highest with the lowest category of intake (RR 1·08; 95 % CI 1·00, 1·17); there was no evidence of heterogeneity (P¼ 0·16, I 2 ¼ 29·4 %) or a publication bias (P¼0·44). No significant association was observed between GL intake and colorectal cancer risk (RR 0·99; 95 % CI 0·90, 1·09) with modest heterogeneity (P¼ 0·04, I 2 ¼ 42·2 %) and evidence of a publication bias (P¼0·03). When a study by Higginbotham et al. (41) was omitted from the analysis of GL intake and colon -rectal cancer, however, no heterogeneity was found among the remaining ten studies (P¼0·28, I 2 ¼ 15·9 %), and the pooled RR for the highest v. lowest category of GL intake was 0·97 (95 % CI 0·90, 1·05).
Endometrial cancer risk
Five prospective studies examined the association of endometrial cancer with either GI or GL intake. There was no significant association with endometrial cancer for the highest v. the lowest GI intake (RR 1·00; 95 % CI 0·87, 1·14). In contrast, the highest category of GL intake was significantly associated with a 21 % greater risk of developing endometrial cancer compared with the lowest category of intake (95 % CI 1·07, 1·37). No statistical heterogeneity among studies was observed for either GI (P¼0·28, I 2 ¼ 21·6 %) or GL (P¼0·91, I 2 ¼ 0 %); we also found no evidence of a publication bias using Egger's test (P¼0·08 for GI and P¼0·23 for GL).
Liver cancer risk
Only one longitudinal study (National Institutes of Health -American Association of Retired Persons) evaluated the association of GI or GL intake with the risk of liver cancer. A combined analysis of men and women together showed no evidence of an association between GI intake and liver cancer risk. In contrast, the comparison of the highest v. lowest category of GL intake showed a significant reduction in the risk of liver cancer (RR 0·37; 95 % CI 0·16, 0·84). We could not test for a publication bias due to the limited number of studies.
Pancreatic cancer risk
With regard to pancreatic cancer, eight studies for GI and nine studies for GL were conducted in North America. There was no association between the GI and pancreatic cancer risk when comparing the highest with the lowest intake (RR 1·05; 95 % CI 0·93, 1·19), with little evidence of heterogeneity (P¼0·87, I 2 ¼ 0 %). Similarly, no association was found for the highest GL intake compared with lowest intake (RR 0·95; 95 % CI 0·79, 1·13; P for heterogeneity P¼0·06, I 2 ¼ 43·5 %).
Prostate cancer risk
We pooled three RR estimates of prostate cancer, the risk of which has been suggested to be lower among diabetic individuals, and found no significant associations. The pooled RR were 0·97 (95 % CI 0·91, 1·04) for GI and 0·90 (95 % CI 0·74, 1·11) for GL when comparing the highest with lowest category of intake. There was no evidence of a publication bias, as determined by Egger's regression test for GI (P¼0·99) or GL (P¼0·54).
Discussion
To our knowledge, the present study is the first systematic literature review and meta-analysis of the association between the risks of DRC and the GI or GL. The present results from the meta-analysis of prospective cohort studies suggest that high GI was modestly associated with overall DRC risks, whereas high GL was not related to overall DRC risks. In the cancerspecific analysis, we found that high GI was weakly, but significantly, associated with an increased risk of breast or colorectal cancer. We also found that high GL was significantly associated with an increased risk of developing endometrial cancer.
We could draw several inferences from other studies that may be likely explanations for the modest-to-weak associations between GI or GL and DRC risks observed in the present study. Of several aetiological hypotheses on cancer, insulin resistance, hyperinsulinemia and an increased level of insulin-like growth factor-I may be most probable as currently understood, as they have been implicated as key mediators in the underlying mechanism relating dietary and associated lifestyle factors to carcinogenesis (1, 55) . Elevated circulating insulin levels could promote carcinogenesis, either directly by stimulating the production of insulin receptors or indirectly by suppressing insulin-like growth factorbinding proteins 1 and 3, which may increase the bioavailability of insulin-like growth factor-I for its receptors (56) . Growing evidence from epidemiological studies has supported the mechanisms described earlier. Elevated levels of insulin (or C-peptide as a surrogate) and insulin-like growth factor-I have also been associated with an increased risk of several DRC cancers (57 -60) . The increasing evidence for an association between hyperinsulinaemia and cancer risk has led to interest in examining factors that increase insulin in relation to various cancers (61) . Epidemiological studies have shown an elevated risk of cancers with factors that increase insulin levels and a reduced risk of cancers with factors related to decreased insulin levels: increased cancer risks among individuals who had obesity (or visceral obesity) (62) or consumed a C-peptide dietary pattern (63) or western dietary patterns enriched in fat and red meat (64, 65) , and reduced cancer risks among those with high physical activity (66, 67) or who were coffee drinkers (68, 69) .
The lack of association or modest association for GI and GL in the present meta-analysis may suggest that a mechanism linking insulin to cancer development could be more plausible than the effect of blood glucose on cancer development (1) . Experimental study (70) has shown that rats that were hyperglycaemic and insulin deficient, a condition similar to human type 1 diabetes, had reduced tumour cell proliferation, as assessed by the size, number and aggressiveness of the tumour. The differences in cancer development between type 1 and 2 diabetes partly support this hypothesis. Hyperglycaemia occurs in both type 1 and 2 diabetes, but insulin resistance and endogenous hyperinsulinaemia are only observed in type 2 diabetes (71) . Cancers frequently observed in association with type 2 diabetes are bladder, breast, colorectal, endometrial, liver and pancreatic cancers (1) , and those associated with type 1 diabetes are stomach and squamous cell skin carcinomas and leukaemia (72) . The finding that no association was identified with colorectal cancer among those who have been diagnosed with type 2 diabetes for more than 15 years (73) , possibly under a condition of insulin deprivation (the Starling Curve of the pancreas) (74) , could also support the hypothesis that hyperinsulinaemia may be a more important contributor to tumour development than hyperglycaemia. The dietary insulin index is another approach that has been recently developed to directly quantify the postprandial plasma insulin secretion compared with a reference food (75) , and it has been found to be more precise in assessing the insulin response than the GL or carbohydrate amount (76) . The evidence that postprandial insulin concentrations do not change proportionally with the blood glucose response (75) and that GI or GL, measures of the carbohydrates in blood glucose levels, may not ideally predict insulin secretion through the consumption of no or low carbohydrate-containing food, may suggest that the dietary insulin index is a more acceptable measure for assessing insulin secretion and cancer risk. Only a few studies, however, have been conducted regarding insulin index/load or C-peptide, an indicator of insulin production (76) , in relation to cancer risks, which warrants further observational studies to investigate indicators reflecting insulin secretion and its effect on cancer risks.
Other conceptual and practical considerations may contribute to the weak association observed in the present study. From a conceptual perspective, GI and GL may be relatively moderate contributors to overall insulin exposure, which is influenced by genetic factors, adiposity level, physical activity and non-carbohydrate components in foods that influence insulin secretion, and dietary factors, such as coffee, that influence insulin resistance but not insulin secretion directly. From a practical perspective, the attenuation of associations could also be explained by a potential measurement error or between-study variation in the estimated amount of carbohydrates, as measured through the different types of FFQ, given the likely influence of heterogeneity by diets with a high GL. Although we could not clearly identify the sources of heterogeneity in the relationship between diets with a high GL and overall DRC risks, the significant heterogeneity observed in the association of diets with a high GL with risks of breast cancer and colorectal cancer disappeared after omitting individual studies from the breast cancer studies (31) and from the colorectal studies (41) that had extreme values compared to the other studies. A better understanding requires further prospective cohort studies for each site of DRC.
A previous meta-analysis of both case -control and prospective cohort studies (77) observed increased risks of colorectal cancer, breast cancer and endometrial cancer with the highest v. the lowest levels of GI and/or GL diets. The present metaanalysis was restricted to observational prospective cohort studies because such a design minimises the possible effects of selection and recall bias compared to case-control studies, showing a weaker association for GI and GL in relation to colorectal, breast or endometrial cancers than a meta-analysis of both case-control and prospective cohort studies.
There are possible limitations to the present study. First, measurement error with regard to random variation in the estimated GI values might have occurred in some studies included in the present analysis because the GI values of some foods are presently based on the results provided in only one or two GI calculation studies, which frequently had small sample sizes (3) . Second, because most of the studies assessed diets using a single FFQ, which may have contained a measurement error, the possibility of misclassification of GI or GL cannot be precluded (78) . Third, the limited number of studies for certain cancer sites (e.g. liver and bladder cancer) did not allow us to draw conclusive summaries for those sites. Lastly, the majority of studies included in the present meta-analysis were conducted in Western countries, thus it is uncertain whether the present findings for different geographic locations or populations are generalised, especially in Asian populations whose typical diets on average consist of a greater proportion of carbohydrates. Further studies should provide information on the potential differences based upon geographic location or ethnic difference. However, the present study also has several major strengths, including the inclusion of many prospective studies with long durations of follow-up and a large number of cases of DRC. The present results were also unlikely to be attributed to publication bias with regard to GI or GL and DRC risk based on Egger's regression test.
In conclusion, the findings of the present meta-analysis suggest a modest or weak association between a diet inducing high glucose response and the risks of overall cancers, particularly those positively related to diabetes. GI or GL may not be strong predictors of DRC risks, and presumably other factors associated with insulin response per se may contribute relatively more to DRC risks. The present findings warrant further studies to explore a diet that stimulates the postprandial insulin response in relation to cancer risk.
